The quest for high efficiency solar cells has led to the search of new materials for sensitizers and photoconductor (oxide) electrodes. The efficiency of quantum dot sensitized solar cells (QDSSCs) has increased slowly since quantum dots (QDs) were first used as sensitizers in the solar cells. Even though the power conversion efficiency has reached about 12%, 1 the overall efficiency is relatively low compared to silicon based photovoltaics as well as the newer perovskite based solar cells. 2 Factors such as carrier trapping and recombination, low charge transfer and band misalignment are the major reasons for low efficiency in QDSSC. Many of these issues have been studied to boost the overall efficiency but the results are still not encouraging. One possibility to improve the efficiency is to employ transition metal (TM) as dopants in the QD sensitizers. The TM dopants in QDs have the potential to introduce impurity states in the band gap and enhance absorption. [3] [4] [5] PbS QDs have been extensively studied as a sensitizer because of their ability to be efficient in the multiexciton generation 6 and strong confinement effect. 7 PbS QDs also show some of the better power conversion efficiencies (PCE) of various other materials, with an efficiency of 10.7% in recent literature. 8 However, effort in the investigation of Mn doped PbS QDs is needed in order to understand whether the Mn impurities introduce new states within the band gap or change the band structure itself. Recent works on Mn:PbS have indicated the broadening of the band gap rather than the addition of the impurity energy levels inside the band gap. 9 In the case of ZnS, the Mn d-states lie within the band gap, and these mid-band-gap states contribute to the absorption as well as electron transfer due to the long lifetimes of the spin forbidden transitions. 5 This situation is also true in CdS and CdSe, 4 although for large QDs, the Mn d-states may be located near or above the conduction band. 10, 11 In the latter case, strong sp-d hybridization between the Mn d-states and semiconductor conduction band may induce exchange splitting of the conduction band and narrow the band gap, which alters the photoconversion efficiency in different ways. 3 In PbS, however, due to its small band gap the effect of the sp-d hybridization seems to broaden the band gap and the absorption decreases with the Mn doping. 9 At the first glance, this system seems to have less potential for a high efficiency solar cell; however, we have found a giant enhancement in the QDSSC performance using Mn doped PbS QDs.
In this study, PbS and Mn:PbS QDs are prepared with pulsed laser deposition (PLD) technique. 12, 13 The presence of Mn in PbS is confirmed with electron paramagnetic resonance (EPR) spectroscopy. The band gap of the QDs was found to increase with the addition of manganese in both computational and scanning tunneling microscopy/spectroscopy (STM/S) investigations. This bandgap increase is believed to be associated with the decrease of the light absorption upon addition of Mn dopants. Surprisingly, the photovoltaic measurements of doped and undoped QDs attached to Zn 2 SnO 4 (ZTO) nanowire photoelectrode show that the devices with Mn doped PbS QDs have much higher incident photon-to-current efficiency (IPCE), which is attributed to more efficient electron tunneling to the ZTO nanowire from the QD excited states. This conclusion is confirmed by ab-initio calculations on the electron transfer from the Mn doped PbS QD to the ZTO electrode, which show reduced tunneling barrier heights for the transferring electrons.
The dopant and structural properties of the QDs are characterized by x-ray diffraction (XRD), EPR, and STM/S. Figure 1(a) shows the XRD pattern of a doped sample along with a PbS reference, which verifies the PbS rock salt crystal structure. There are also minor impurity peaks due to Pb metal. The metallic Pb precipitation is inherent to the preparation process but does not change the semiconducting nature of the films for both doped and undoped PbS samples. The energy dispersive x-ray spectroscopy (EDX) shows that Published by AIP Publishing. 109, 103901-1 the average Mn concentration is about 4 at. %. The Mn concentration is found to remain less than 5 at. % even when we start out from a higher nominal concentration in the PLD target, which points to a solubility limit of substitutional Mn within the PbS lattice.
Electron paramagnetic resonance (EPR) (Figure 1(b) ) is also used to check for the Mn incorporation into the QDs. The Mn presence is confirmed by the resonance lines with the well-resolved hyperfine splitting of the central Mn 2þ sextet in the EPR spectra. The hyperfine constant obtained from the EPR spectrum, is 266 6 1 MHz, which is in agreement with the previously obtained values. [14] [15] [16] The g factor is close to 2. Moreover, we also observe the forbidden M ¼ 61 transitions, which are seen as the shoulder peaks. These forbidden transitions have been explained as the third order perturbation due to the spin contribution to the total Hamiltonian resulting from the admixture of fine and hyperfine structure terms. 17 In comparison with the previous calculations, the hyperfine splitting values indicate that there are more Mn ions residing on the surface than inside the QDs. Such a Mn position on the QD surface could strongly influence the tunneling current to the ZTO electrode in the experiments as we discuss later in more detail.
Figure 1(c) shows a transmission electron micrograph (TEM) of a nanowire containing Mn doped PbS QDs, which are deposited on the nanowire via PLD. The particle size distribution is shown in the inset. A high resolution TEM image of a magnified region of the nanowire showing QDs on its surface is provided in Fig. 1(d) .
The optical absorption spectra in the near infrared (NIR) region (Figure 2(a) ) are taken for the samples identically deposited on quartz. It demonstrates that the undoped QDs absorb more than the Mn doped QDs. Similar dependence is also confirmed from the ab initio calculations for the small quantum dots (Pb 28 S 28 for undoped and Pb 26 Mn 2 S 28 for doped QDs), as shown in Fig. 2(b) . The sp-d hybridization due to the sulfur sp electron and Mn d electrons results in the blue shift of the band gap, which is counted from the first exciton peak as depicted in Fig. 2(b) . It is clearly demonstrated that the absorption for undoped QD is much higher than that for Mn doped QDs. The computational absorption wavelength region lies on the blue side compared to the experimental observation, but the discussion is valid for QDs of all sizes. Exciton peak in experimental absorption spectrum (see Figure 2(a) ) is not seen because of large QD size distribution. The additional confirmation of band gap broadening is obtained from scanning tunneling spectroscopy (STS) measurements from the dI/dV spectra obtained for quantum dots of similar size (Figure 3) .
The most striking result of this study appears in the IPCE spectra. The measurements were made on devices with the QDs deposited directly on the ZTO nanowire photoelectrodes. Figure 4 shows the comparison of the IPCE spectra between doped and undoped PbS QDs for two sets of samples. For the samples shown, the photoelectric current is increased between 100% and 700% upon the Mn doping. The average increase among all experiments on various samples is 300% measured at wavelength k ¼ 800 nm. One would expect, however, a decrease of the IPCE value because the absorption is about 2.5 times less due to the doping. In reality, we observe the huge increase in the photocurrent. The photoelectric current is mainly due to three factors: (a) light absorption, (b) exciton lifetime, and (c) electron tunneling through the semiconductor/quantum dot interface. The experimental and computational absorption spectra (Figure 2 ) lead us to believe that the mechanism of such a giant enhancement in the photocurrent does not lie in light absorption. The exciton lifetime in Mn doped PbS is three times smaller than undoped QDs due to the presence of Mninduced carrier traps. 18 The only mechanism that could explain the IPCE increase is the electron tunneling effect. We thoroughly study this mechanism computationally as described below.
The main hypothesis is that the tunneling strongly depends on the nature of a QD metal atom (Mn or Pb) that is the closest to the semiconductor (ZTO) surface, at which the excited electron transfers through (see Figure 5 ). Electron tunneling can be considered as a nonadiabatic electron transfer where the rate constant can be described in terms of the time-dependent perturbation theory with the electron transfer rate where V is the electron transition matrix element and is the electron density of states on the ZTO surface. In this model, we assume that the electron transfer takes place from the QD LUMO orbital (the bottom of the QD conduction band). If the exciton is excited to the higher conduction electronic states, fast relaxation due to electron-phonon interaction brings the electron down to the LUMO. 19 The transfer electric current to the ZTO semiconductor can be described in terms of the Bardeen's Hamiltonian and therefore the expression for the current from the LUMO is expressed in terms of nonequilibrium Green's functions, which are again proportional to jVj 2 . 20 Thus, we have to calculate the current for jV Mn/ZTO j 2 and jV Pb/ZTO j 2 . In the simplest estimations of the current ratio, we assume that the density of states at the ZTO surface remains unchanged in both cases. Thus,
. This ratio provides a good estimation for the photocurrents rather than the exact numerical calculation.
The electron transition matrix elements have been obtained from the quantum chemical calculations where the electron is initially located at the LUMO on the QD side. The final electron state is located on the ZTO side. We have checked two cases where one or three metal atoms (Mn or Pb) touch the ZTO interface promoting the electron tunneling. The results of the computations are presented in Table I . The jV Mn/ZTO j 2 /jV Pb/ZTO j 2 ratio is approximately equal to 6.9. The estimated current ratio is of the same order of magnitude as experimentally observed in Figure 4 . These calculations confirm that the mechanism of the photocurrent enhancement originates from the electron tunneling. The EPR spectra (see Figure 1(b) ) indicate that more Mn dopants are located on the QD surface than the interior and therefore the assumption that the electron tunnels through the Mn atom is plausible and confirms the tunneling mechanism described above. Figure 5 demonstrates the spatial overlap of the wavefunctions. Due to greater wavefunction overlap, which reduces the barrier height for the electron tunneling, more electrons are collected by the nanowire photoanode leading to higher photocurrents in the Mn doped samples.
Despite the decrease of the QD absorption in the presence of small amount of Mn dopants, we have found the giant enhancement in the photocurrent by up to 700%. We have proposed a mechanism of the photocurrent increase that is based on the change of the electron-tunneling rate in the presence of the Mn atom located at the QD/ZTO interface. The ab initio quantum chemical calculations confirm this mechanism. The results obtained in this work point to an alternative route for significant improvement of the QDSSC efficiency.
Manganese doped lead sulfide nanoparticles were deposited directly on Zn 2 SnO 4 (ZTO) nanowires, quartz, and Si via pulsed laser deposition (PLD). 12 The nanowire synthesis and device preparation are described elsewhere. 21 A Nd:YAG laser operating at a wavelength of 266 nm and a pulse energy of 280 mJ was used to ablate a pre-prepared Mn:PbS target. The deposition was carried out at pressures of 4-6 lTorr. No heat was applied to the substrate during deposition.
After the deposition, the sensitized nanowire film was SILAR coated with CdS to prevent rapid degradation of the nanoparticles in polysulfide electrolyte and to eliminate the effect on the regeneration due to the presence of Mn. 22 We confined our optical characterization in the NIR window to minimize any contribution from the CdS layer. A standard Cu 2 S counter electrode was used in conjunction with polysulfide to study the photocurrent conversion efficiency of the QD-nanowire structure. 12 X-ray diffraction (XRD) was done on reference films using a Rigaku Smartlab diffractometer with a Cu-Ka source. X-ray reflectivity on the reference film sample helped find approximate thickness for the deposited films. Some nanowires were scraped and suspended in isopropyl alcohol which was then dropped onto a TEM grid. TEM was done with a FEI Tecnai G2 microscope.
Continuous wave-EPR measurement was performed with a Bruker EMX in X-band at room temperature. The reference film on Si was scraped off and suspended in dichloroethane for the measurement.
Absorption spectrum was recorded for the film deposited on quartz with a Cary50 UV-vis spectrophotometer. The incident photon to electron conversion efficiency spectrum (IPCE) was obtained with a home built system. An Omicron low temperature scanning tunneling microscope (LT-STM) was used to perform STM and scanning tunneling spectroscopy (STS) measurements on PbS and Mn:PbS QDs prepared by PLD on As:Si(100) substrates. All scans were performed at liquid nitrogen temperature in an ultra-high vacuum (UHV) environment with a base pressure better than 1 Â 10 À11 mbar. The quantum chemical calculations of PbS QDs with Mn impurities were performed within GAUSSIAN 23 and Amsterdam Density Functional (ADF) [24] [25] [26] computational packages. The initial geometry of a QD was adopted from the bulk structure by cutting out a sphere of a specified size. The doping is provided by replacing certain Pb atoms with Mn atoms. ZTO substrate was modeled by a slab of ZTO crystal. The interface region between ZTO and PbS (Mn:PbS) is then optimized within GAUSSIAN in the density functional theory formalism with a B3LYP exchangecorrelation functional and 6-31þG* for Zn, Sn, O, S, and Mn atoms and SBKJC basis set for Pb atoms. The interface configuration is then used in ADF package with a B3LYP exchange-correlation functional and Triple-Zeta Polarized basis set on all the atoms to obtain the effective transfer integrals between ZTO and QD fragments. 
